Abstract Heterogeneous catalysis by gold is now a very well established research topic and several thousands of papers have appeared since the pioneering studies based on CO oxidation and acetylene hydrochlorination reactions in which, for the first time, supported gold catalysts were shown to be the best catalysts for these reactions. It is now widely recognised that gold either by itself or in combination with other metals is an excellent redox catalyst. In particular gold-containing catalysts are very effective for the selective oxidation of alcohols. Initially it was considered that base was needed to be present for alcohols to be effectively oxidised but efficient catalyst design has enabled alcohols to be oxidised to aldehydes without the need for added base. Gold-containing catalysts are also exceptionally effective for the hydrogenation of oxygen to form hydrogen peroxide. This direct synthesis route shows great potential for a number of applications at this time. More recently gold-containing catalysts have been shown to be effective in C-H activation reactions. Due to the ever increasing opportunities for applying heterogeneous gold catalysts, interest in how effective catalysts are designed and synthesised remains strong. In this paper both the early work and the more recent discoveries concerning heterogeneous catalysis by gold will be considered and some suggestions on the way forward will be presented.
Introduction
It is apt that gold catalysis is included as a topic in the silver jubilee issue of Catalysis Letters. This is because the timeline for the discovery of gold as a high activity heterogeneous catalyst goes back to the period just before the advent of Catalysis Letters and during the intervening 25 year period gold catalysis has been continually advancing as a research topic. In the early years there was only limited interest in the subject but as time went on and new discoveries were made, so the field of gold catalysis has expanded dramatically. In this perspective article we will concern ourselves solely with gold as a component of heterogeneous catalysts. There has been a parallel development with the use of gold as a homogeneous catalyst for which many new and exciting catalysis developments have been identified [1, 2] . The field of heterogeneous gold catalysis was sparked by two contemporaneous discoveries made by Haruta [3] and Hutchings [4] concerning low temperature CO oxidation and acetylene hydrochlorination respectively; for both reactions gold was not only found to be highly active, but it was also shown to be the best catalyst. Prior to this gold had been considered a metal that offered relatively low catalytic potential in the heterogeneous state, meaning that the field of gold catalysis experienced a relatively low pace of development in the early years. Subsequently there has been a continuous sequence of discovery of new catalysis applications for gold and goldcontaining catalysts. These have included:-1996 Epoxidation of propene using Au supported on titanium oxides [5] . 1998 Oxidation of alcohols using supported Au catalysts in basic media [6] . 2002 Oxidation of glycerol using supported Au catalysts in basic media [7] . 2002 Direct synthesis of hydrogen peroxide using Aucontaining catalysts [8] .
2003 Low temperature water gas shift catalysis with supported gold catalysts [9] . 2005 Oxidation of alcohols in the absence of base with supported Au catalysts [10] . 2005 Epoxidation of alkenes in liquid phase reactions [11] . 2006 Selective hydrogenation of nitro compounds [12] . 2006 AuPd alloy catalysts give enhanced activity in alcohol oxidation [13] . 2009 AuPd alloys active for H 2 O 2 synthesis but not for H 2 O 2 hydrogenation [14] . 2010 AuPt alloys active for glycerol oxidation in the absence of base [15] . 2011 AuPd alloys active for toluene oxidation to benzoyl benzoate [16] . 2013 Methane oxidation with H 2 O 2 catalysed by AuPd alloys [17] . 2014 AuPdPt trimetallic catalysts highly active for alcohol oxidation [18] .
Without doubt there are many more discoveries concerning gold catalysis that will be made in the coming years. In the early work it was identified that the method by which the gold catalysts are prepared plays a vital role in determining the activity for particular reactions. This is particularly true for CO oxidation where it was found that the co-precipitation and deposition precipitation methods enabled catalysts to be prepared that comprised small nanoparticles [3, 19] . Initially it was considered that the high activity observed with gold was related solely to the nanoparticle size with the smaller nanoparticles exhibiting the highest activity [20] . With the advent of aberrationcorrected STEM, however, it became apparent that gold catalysts exhibited a very complex mix of morphologies with single atoms, monolayer clusters, bilayer clusters and small nanoparticles all being present [21] and for Au supported on iron oxide there was evidence to suggest that the high activity for CO oxidation was associated with the small bilayer clusters [22] . However, with bimetallic AuPd catalysts there is an additional complexity in that there is usually a variation in the Au:Pd ratio from particle-to-particle that changes systematically with particle size, and that the type and severity of this composition variation is also a function of the preparation method [23] .
Hence it is apparent that gold catalysis is a field of study for which the catalysts exhibit a very high degree of complexity. Of course this is a topic where model studies can provide great insights, but in this perspective article we will concern ourselves with relatively high area catalysts. If the activity for a particular reaction is associated with a specific morphology of gold, e.g. the small bilayer structures, and there is only a relatively low concentration of these species present, it is entirely possible that most of the gold present in the catalyst is inactive or at best is not in a form that displays optimal activity. This means that there is an immense potential for progressing gold catalysis by improving the catalyst preparation method alone. In this perspective article we will explore the possibilities for the future development of gold catalysis and we will speculate on the possible advances that can be expected in the next 25 years.
Preparation of Supported Au and Au-Containing Nanoparticles
There are many ways by which supported Au nanoparticles can be prepared. These methods include impregnation [13] , modified impregnation [24] , sol-immobilisation [18] , coprecipitation [19] , and deposition precipitation [3] . All can make effective catalysts,but the catalysts tend to have very different morphologies:
• Impregnation: (1-25 nm nanoparticles, often multiply twinned ? atoms& clusters)*.
• Modified impregnation: (1-10 nm nanoparticles,)*.
• Co-precipitation: (1-10 nm nanoparticles, ? atoms& clusters) .
• Deposition precipitation: (1-10 nm nanoparticles ?atoms& clusters)*.
• Sol-immobilisation: (2-6 nm nanoparticles)*.
* Support is pre-formed.
Support is formed during the preparation. It is the advent of aberration-corrected scanning transmission electron microscopy that has enabled the microstructures of supported metal nanoparticles to be observed in significant detail [21, 22] . The complexity of the species present on the surface of gold-containing catalysts can be exemplified by contrasting impregnation and modified impregnation methods of preparation for AuPd catalysts. Impregnation is the simplest way of making supported metal nanoparticles. In this method HAuCl 4 and PdCl 2 are dissolved in water and the support is added to form a wet paste that is then dried and calcined. In the modified impregnation method [24] additional halide is added to the initial solution and all other steps remain the same except that the calcination step is replaced by a reduction step to remove excess halide. The morphologies of these two materials when studied by aberration-corrected STEM appear to be very similar. However, the impregnation method does not effectively disperse the gold component and a size dependent composition is observed with the smallest nanoparticles always being palladium rich. The size-dependent composition variation is not observed with the modified impregnation method and the nanoparticles all have a similar composition because in this case the preparation method effectively disperses both the gold and the palladium components. However, it is clear that these impregnation methods lead to a range of nanostructures including atoms, monolayer clusters, bilayer clusters and small nanoparticles (Fig. 1) . These species are also observed with co-precipitation and deposition precipitation (Fig. 2) . It is only with the sol-immobilisation method that one observes only a narrow dispersion of nanoparticles without the formation of highly dispersed atoms and clusters (Fig. 3) .
When used as catalysts it is possible that all these metallic species will display some degree of activity and we suspect that there may be a distinct hierarchy of activities for these species. The challenge that faces this field is to evaluate if practical catalyst preparation methodologies can be designed that yield materials with very specific morphologies so that the effectiveness of the most active component can be maximised. Of course the microstructures discussed so far should be considered as catalyst precursors, since under reaction conditions it is feasible that the materials can restructure forming new shapes and surface facets. One question that is uppermost in this field concerns the role of the support. In many reactions it is not merely acting as a benign surface on which the active metallic species are supported. This has been clearly demonstrated in many reactions as the support can affect the observed activity markedly [1] .
Au Catalysts and Improving Catalysyt Activity
A key reaction for which gold catalysis holds much potential is acetylene hydrochlorination for the production of vinyl chloride monomer. The discovery that gold would be an effective catalyst for this reaction was based on a correlation with the standard electrode potential and this was confirmed by subsequent experimental work [4, 25] . This reaction is starting to receive significant attention and so there is now significant interest in improving the catalyst activity. One method that has been employed to great effect in many reactions concerns the addition of a second metal that can form an alloy, e.g. palladium; this alloying strategy will be discussed for a number of reactions subsequently. In the case of acetylene hydrochlorination this strategy is ineffective. Any dilution of gold by palladium, or other metals, leads to a loss of activity [26] . Indeed, at present gold-only catalysts still present the highest activity. Another interesting observation concerning this reaction is that carbon is the only effective support. Replacement of carbon with other supports tends to lead to an inactive catalyst. This probably suggests a very strong influence of the support and that the peripheral sites where the gold species interact with the carbon surface are the active species. A key observation for gold catalysts in this reaction is the overall selectivity as vinyl chloride is formed extremely selectively and other products are not observed that result from the subsequent addition of hydrogen chloride to vinyl chloride. This is certainly not the case with other catalysts, e.g. mercuric chloride, where significant amounts of by-products are observed. Indeed this high specificity of gold for carbon-carbon triple bonds has been exploited in many reactions catalysed by homogeneous gold species [1] .
In the seminal studies by Prati and Rossi in 1996 [6] it was observed that supported gold nanoparticles could be effective for the oxidation of alcohols in the presence of base. The base was crucial with gold-only catalyst formulations and it was reasoned that the base activated the alcohol by abstraction of a hydroxyl hydrogen thereby enabling oxidation to proceed. Very high specificities to acids could be achieved with this methodology. Of course the need for the strong base, e.g. NaOH, proves to be a disadvantage as the reaction products are the salts of the acid and this limits its application. Corma and co-workers [10] in 2005 showed that careful preparation of gold nanoparticles supported on ceria gave a catalyst that was highly effective in the absence of base. Clearly once again the interaction of the metal with the support, in this case a redox active oxide, is important in forming an active catalyst. For the oxidation of alcohols the addition of a second metal is a particularly effective strategy in catalyst design. In particular, the addition of palladium to form Au-Pd alloy particles leads to an enhancement in activity by a factor of ca. 27 compared with the gold-only and palladium-only catalysts [13] . In this case the reaction involves solvent-free conditions with AuPd/TiO 2 , prepared by impregnation, and the aldehyde is formed with very high selectivities. It is somewhat surprising that the aldehyde is not reacted rapidly to the acid. In recent studies we have shown that in the case of benzyl alcohol oxidation, this is due to benzyl alcohol acting as a radical inhibitor, [27] intercepting the radicals that lead to acid formation and in turn reforming benzyl alcohol and benzaldehyde. Hence a low concentration of the alcohol can act catalytically ensuring that high aldehyde selectivities can be achieved. The addition of palladium to gold leads to the formation of nanoparticles that are alloys. For AuPd/TiO 2 prepared by impregnation which has high activity and selectivity the active structures have a core-shell morphology in which there is a palladium-rich shell and a gold-rich core (Fig. 4) . However, most of the gold is associated with very large particles (Fig. 4) and so it is possible that most of the metal in this catalyst formulation is not present in a high activity form. For this reason we investigated the use of sol-immobilised gold-palladium catalysts [28] . With this preparation methodology the metal nanoparticles are well dispersed and intimately alloyed (Fig. 5) . For the oxidation of benzyl alcohol these materials are extremely active as catalysts (Table 1 ), but at the cost of lower selectivity to the aldehyde. In particular, these catalysts lead to the formation of toluene through a surface hydrogen transfer reaction and this process is particularly promoted by the presence of palladium. This effect is most marked in catalysts prepared by sol-immobilisation and is not so important for catalysts prepared by impregnation. This demonstrates that the surface composition of the alloy nanoparticles is important. The interaction with the support is also crucial and the formation of toluene can be switched-off entirely by using a basic support [29] . Solimmobilisation is a facile method of preparation that readily permits the effect of the Au:Pd ratio to be investigated (Table 2 ). It is apparent that the addition of small amounts of palladium to gold or vice versa leads to a significant enhancement in activity, although selectivity is not affected markedly. This synergistic effect is very important in catalysis and has yet to be explored in greater detail. Strong synergy between Au and Pd is also observed in catalysts for the direct synthesis of hydrogen peroxide [14] and the oxidation of toluene [15] . Recently, we have explored the addition of a third metal and we have shown that for AuPdPt catalysts the activity can be enhanced for both hydrogen peroxide synthesis [30] and alcohol oxidation [18] . With benzyl alcohol oxidation, the addition of platinum switches-off the formation of toluene. For the direct synthesis of hydrogen peroxide, addition of platinum leads to a lower rate of hydrogenation of hydrogen peroxide thereby improving the overall reaction selectivity. It is possible that the formation of platinum hydride leads to these beneficial effects being observed, as this phase is more stable than palladium hydride and hence the presence of platinum inhibits particular surface hydrogen transfer processes. The AuPdPt nanoparticles are trimetallic alloys (Fig. 6 ) irrespective of whether they are prepared by impregnation or sol-immobilisation. While trimetallic catalysts represent an additional level of complexity, they also offer immense scope for the design of improved catalysts.
Comments on the Nature of the Active Site and the Way Forward
The observation that the catalyst activity for the synthesis of vinyl chloride from acetylene hydrochlorination correlates with the standard electrode potential led to the prediction that gold would be the best catalyst for this reaction [4] . The observation of synergistic effects for the alloying of gold and palladium for a number of reactions suggests that the activity for these reactions does not correlate with the standard electrode potential. Figure 7 shows the relevant plots for acetylene hydrochlorination, the direct synthesis of hydrogen peroxide and the oxidation of benzyl alcohol. As noted earlier, carbon is the only effective support for acetylene hydrochlorination and the correlation with the standard electrode potentials suggests that the oxidation state of gold is a key factor in this reaction and that the interfacial sites associated with the gold-carbon There are a number of possibilities. First we can expect that gold catalysts will be commercialised in a number of important processes. Already gold-nickel catalysts have been commercialised in the production of methyl methacrylate in Japan [31] . Given the high activity and selectivity of gold for acetylene hydrochlorination we can realistically anticipate that this will finally find commercial application. Indeed, in a recent study [32] a low content gold catalyst has been tested in pilot plant trials in China.
Another area in which we can expect to see progress concerns catalyst preparation methods. As we have noted it is non-trivialto synthesise supported gold-containing nanoparticles with the required morphologies. We can anticipate that progress will be made in the development of preparation strategies where the interfacial sites with the supporting matrix can be designed and controlled and that the morphologies of the nanoparticles engineered so that specific crystal faces with desired compositions can be prepared. In the longer term, we need to identify how we can make small 10-20 atom clusters and stabilise them under reaction conditions, as this will open up new high activity catalytic materials. Perhaps utilisation of encapsulation together with novel metal organic frameworks might offer new catalytic architectures and materials.
Given that gold and gold-containing catalysts show remarkable selectivities and activities in a range of redox reactions, particularly selective oxidation, it can be expected that supported gold catalysts could be adopted as a standard laboratory reagent for oxidation reactions at the laboratory scale. At present many such oxidations are carried out using stoichiometric oxidants, but gold catalysts can work with oxygen from air and hence are now ready to be used in a wider range of oxidation reactions for the synthesis of key intermediates. Fig. 7 Comparison of the activity of specific reactions with the standard electrode potential. Key circle acetylene hydrochlorination; filled triangle benzyl alcohol oxidation; white square direct synthesis of hydrogen peroxide
